Figure 1. Synthetic routes (top), transmission electron microscopy images (bottom left), and x-ray diffraction data (bottom right) of gold/titanium dioxide (Au/TiO 2 ) photonic band gap semiconductor materials. CC: Colloidal crystals. HAuCl 4 .3H 2 O: Hydrated chloroauric acid.
We designed and made TiO 2 PBG semiconductor materials with periodicities (i.e., unit cell repeat distances)
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between 100nm and 500nm, 8 on top of which we have deposited Au to act as both a Schottky barrier and a plasmonic material to harvest the largest possible fraction of sunlight. 9 We prepare these Au/TiO 2 PBG materials with an inverse opal (IO) structure (i.e., repeating nanoscale voids within a solid shell): see Figure 1 . Initially, the TiO 2 precursor (typically a titanium alkoxide) is added to a close-packed arrangement of polymethyl methacrylate (PMMA) beads followed by deposition of Au nanoparticles (Route 1), or the Au is deposited first (Route 2). Calcination at 450 ı C removes the PMMA beads, and the resulting IO material is characterized using transmission electron microscopy (TEM) and x-ray diffraction (XRD): see Figure 1 . The characterization data shows that Route 2 results in undesired large crystallites of Au, whereas Route 1 gives disperse Au particles with diameters of 5nm. The TEM and XRD results also show two types of IO Au/TiO 2 material, with max (the PBG position for first order Bragg diffraction) of 360 and 580nm, respectively.
The PBG of materials depends on the interplanar unit cell spacing (d hkl in nm), the average refractive index of the material (n avg ), and the angle of the incident light with respect to the surface normal (Â ), i.e., max D 2d hkl .n 2 avg sin 2 Â/ 1/2 in which max in nm corresponds to a particular set of face-centered cubic (fcc) crystal planes. Typically, TiO 2 IO materials have 10-20% solid volume and n avg in air of 1.1-1.25. Thus, by working on the periodicity of the material, the incident light angle, and the average refractive index we can tune the PBG of the material to coincide with that of the EBG. For example, for first order diffraction on the fcc(111) planes-taking d hkl as 160nm (in this case the planar center-to-center distance, D), Â 90 ı , and n avg 1.5 (in ethanol)-the PBG is 390nm, which is at the edge of the TiO 2 EBG (380 and 400nm for the anatase and rutile mineral forms of TiO 2 , respectively). We carried out photocatalyzed reactions for the production of hydrogen from water (in the presence of 0.5% ethanol by volume) with Au/TiO 2 materials in both powder and IO forms. The resulting reaction rate data indicates that both types of IO Au/TiO 2 -the smaller unit cell ( max 360nm/D 200nm) and larger unit cell ( max 580nm/D 310nm) forms-perform better than the powder form (see Table 1 ). Moreover, the smaller unit cell IO performs better than the larger unit cell IO. Although the exact energy gap of the PBG material cannot be determined in this work-as it is in randomly orientated macroparticle form and because the light excitation is diffuse (i.e., at a range of wavelengths)-these conditions do exploit the variable angular nature of sunlight excitation. Also, the increased performance of the smaller unit cell Au/TiO 2 IO under direct sunlight compared with UV light may be a result of a plasmonic contribution by the Au in the material.
In summary, we have designed and fabricated IO Au/TiO 2 photocatalytic materials for hydrogen production. These PBG materials perform better than the powder form of Au/TiO 2 , and the PBG can be tuned by altering the unit cell repeat distance of the material. These results confirm the potential of IO materials as light harvesting catalysts for solar hydrogen production, arising from decreased electron/hole recombination rates and their ability to function at different orientations corresponding to different angular distributions of sunlight. Our future research will focus on the role of localized surface plasmon resonance (LSPR) in PBG materials with nanostructured Au layers, as the merits of combining PBG materials and LSPR is a current area of interest 10 
